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20 V. Results of the Inferential Analysis

This assessment of the USMS by NIST was
based on measurement needs—unresolved
measurement problems, such as insufficient
accuracy and resolution or lack of production-
ready techniques—that pose barriers to techno-
logical innovation. The assessment consisted of
three types of analyses that yielded results at dif-
ferent levels of specificity:

• actual measurement needs that were 
tabulated, categorized, and correlated to
enable identification of patterns within and
across categories of unmet measurement
needs

• findings about measurement problems 
within the 11 industry sectors and technolo-
gy areas (referred to as sector/technology
areas)

• findings about measurement barriers for all
sector/technology areas taken together

Measurement Needs
This assessment has documented 723 specific
industry measurement needs that pose technical
barriers to technological innovation. This collec-
tion of measurement needs is the product of two
different sampling methods.

The first method utilized industry technology
roadmaps that provided a broad perspective on
the scientific and technical research needed to
support future technological progress. Incor-
porating the views of representatives from indus-
try, academia, and, often, government, the
roadmaps are consensus documents identifying
targets of opportunity and barriers to envisioned
technologies in a particular industry. In all, 164
industry technology roadmaps, published from
2000 to 2006, were reviewed for statements of
measurement needs. Of these, 82 percent (135)
identified measurement problems that pose barri-
ers to technological innovations in their industry.
These 135 roadmaps provided 386 of the 723

V.  Results of the Inferential Analysis 
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documented measurement needs. The analysis of
the measurement barriers to technological inno-
vation identified in these roadmaps is described
in Appendix C, Technology Roadmap Review.
Roadmap measurement needs in this chapter,
referred to as RMNs, are summarized there.

The second method utilized the case-study
approach and format for documenting measure-
ment needs as described in chapter 4. These
case-study measurement needs were gathered
through industry workshops, NIST analyses of

industry reports and interviews of industry rep-
resentatives, and voluntary submissions by trade
organizations during the period from the fall of
2005 to the spring of 2006. This methodology
yielded 337 of the 723 documented measure-
ment needs. The entire set of case-study meas-
urement needs, referred to as MNs in this chap-
ter, is provided in Appendix B.

Figure 5.1 shows the number of measurement
needs by type and source of documentation. The
two types of documentation are case study and
technology roadmap. The two sources of docu-
mentation are industry and NIST. As indicated
by the table, nearly two-thirds of the measure-
ment needs identified in this assessment as
impediments to technological innovation are
documented by industry.

Figure 5.2 shows the distribution of the 337 
case-study measurement needs categorized by
sector/technology area. Because some of these
measurement needs were common to two or
three sector/technology areas, they were placed
in more than one category.

Figure 5.2 Distribution of Case-Study Measurement Needs Across Sector/Technology Areas

Measurement
Needs

Measurement
Needs

Documented
by Industry

Measurement
Needs

Documented
by NIST

Case
Studies

337 (47%) 93 (13%) 244 (34%)

Technology
Roadmaps

386 (53%) 386 (53%) 0 (0%)

Total 723 (100%) 479 (66%) 244 (34%)

Figure 5.1 
Measurement Needs by Type and Source
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The measurement needs in the top grouping of
11 sector/technology areas shown in Figure 5.2
have been statistically analyzed (See Appendix
H). This grouping includes two of the three
industrial sectors that were singled out for exami-
nation at the beginning of the assessment—
specifically Semiconductor Electronics and IT
Software for Information Technology. The third
industrial sector, Automotive, was grouped with
Discrete-Parts Manufacturing on the basis of the
similarity of product and process technologies.

The measurement needs in the middle grouping
in Figure 5.2—the three sector/technology areas,
Agriculture and Food Processing, Telecommuni-
cations, and Transportation-Aerospace—were
not analyzed because the small numbers of MNs
collected for each was insufficient for identifying
trends, common obstacles, and industry-wide 
priorities. However, this should not be interpreted
as an indication that these sectors do not confront
significant measurement challenges. Reviewing
the summaries of specific measurement needs
listed for each sector in Appendix B provides a
basic understanding of some the measurement 
problems identified through this initial data-
gathering effort.

Across the sampling of sector/technology areas
chosen for this assessment, the need for new
measurement technology (for example, new or
significantly better test methods, instruments, 
or controls) is a transcending requirement, as
indicated at the bottom of Figure 5.2. Ninety-one
MNs cite new technology as a necessity in over-
coming measurement barriers. When considering
approaches to ensuring that U.S. industry
remains among the leaders in the development 
of advanced technology, this statistic strongly
suggests that attention must be directed at 
innovation leading to advanced measurement
capabilities. However, the 91 measurement-tech-
nology MNs were not analyzed separately.

Suppliers of measurement technology are not
organized in a single industry with a common set
of R&D interests and objectives. Instead, they
tend to be dispersed across sectors. There is no
industry roadmap for measurement technology.

Overall, Figure 5.2 suggests that the measure-
ment needs documented for this assessment,
while a small sample, are indicative of measure-
ment-related barriers to innovation confronting a
substantial portion of the entire U.S. industrial
economy.

Findings About Measurement Problems 
by Sector/Technology Area 

This section contains a collection of high-level
summaries of the results from the inferential
analysis process for each sector/technology 
area. Each summary conveys the following
information:

• a brief description of the industrial sector or
technology area

• the technological innovations that would
benefit from solutions to the measurement
needs in the area

• the number of case-study and roadmap
measurement needs associated with the 
sector/technology area

• authenticated findings and other observa-
tions (statements of potentially significant
measurement issues that do not meet the
standard of a finding)

Extended summaries of the results of the 
inferential analysis process are provided in
Appendix I. 
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Building and Construction
Building and
Construction is a $1.4
trillion industry (2005),
employing 10 million
people in 1 million
companies throughout

the United States. The construction industry is a
key component of the U.S. economy and vital to
its continued growth. Investment in plant and
facilities, in the form of construction activity,
provides the basis for the manufacture of prod-
ucts and the delivery of services. Investment in
infrastructure promotes the smooth flow of
goods and services and the movement of individ-
uals. Investment in housing accommodates new
households and allows existing households to
expand or improve their housing. Construction
activities affect nearly every aspect of the U.S.
economy. Building and Construction is driven,
more than any other industry, by codes and 
standards.

Technological Innovations at Stake

Technological innovations in Building and
Construction that would benefit from solutions
to the measurement problems cited in this
assessment include the following:

• building materials, components, equipment,
and structures that enhance fire safety, dura-
bility, energy efficiency, and indoor air quality

• distributed energy systems utilizing fuel
cells and/or photovoltaics

• automation and interoperability of construc-
tion software, tools, and processes

• enhanced fire detection and suppression sys-
tems that integrate traditional sensors, video
detection, and intelligent signal processing

• energy-efficient LED lighting in building
applications

• advanced sensors/building automation 
systems to optimize building operations

Measurement Needs

The set of measurement needs that serves as 
the sample for this sector/technology area 
consisted of 23 MNs and 18 RMNs, the latter
from 10 roadmaps.

Findings

• The integration of various systems within a
building is needed in order to minimize life-
cycle costs while ensuring a safe environ-
ment. Building systems integration requires
real-time measurements of numerous param-
eters and increased collaboration among
measurement solution providers in the
Building and Construction sector/technology
area.

• The lack of reliable and unbiased perform-
ance data slows the adoption of new and
innovative technologies in the Building and
Construction sector/technology area.
Standard test methods are needed to capture
desired performance data. Joint efforts by
SDOs and the private and public sectors to
develop standard test methods can ensure
that unbiased performance measures are in
place in a timely manner.

• The lack of validated models and data are
identified as significant barriers to techno-
logical innovation in the Building and
Construction sector/technology area. Models
and performance data are playing an increas-
ingly important role in supporting applica-
tions of innovative technology as the sector
shifts toward greater reliance on perform-
ance-based standards.

• More than any other sector/technology area
in this assessment, regulations are a major
driver of measurement needs. Building and
fire code officials, operating at the state and
local levels, require proof that innovative
products proposed for installation meet
health and safety requirements outlined in
code documents.
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Chemicals 
The Chemicals
sector/technology area
includes the manufacture
of chemicals, biological
processing of chemicals
and materials, and contin-

uous manufacturing of fluids. Pharmaceuticals
is included in Health Care for this assessment.
The use of chemicals impacts nearly every sec-
tor of the U.S. and world economies. The United
States is the number-one producer of chemistry
products in the world, accounting for 23 percent
of total world chemicals production. This sec-
tor/technology area generates $550 billion a year
(2005), produces more than 70,000 products,
and directly employs nearly 900,000 people. It is
the nation’s largest exporting sector, with $109.3
billion in exports that account for 10 cents of
each dollar of U.S. exports. This sector/technolo-
gy area is a large energy user, consuming
approximately 7 percent (1999) of total U.S. 
output. It also is capital-intensive and heavily
regulated.

Technological Innovations at Stake 

Technological innovations in Chemicals that
would benefit from solutions to the measure-
ment problems cited in this assessment include
the following:

• advances in process-control capabilities that
include innovations to process simulation for
both existing and new chemical processes
and in-line sensing of process conditions and
parameters

• shifting of raw material sources from a 
primarily petroleum base to a much more
mixed base that, significantly, includes 
biologically derived sources

• utilization of nanotechnology for advancing
chemical and bio-chemical manufacturing

• measurement and characterization tools and
standards supporting improved understand-
ing of molecular structure-function relation-
ships

Measurement Needs

The set of measurement needs that serves as the
sample for this sector/technology area consisted
of 22 MNs and 27 RMNs, the latter from 14
technology roadmaps.

Findings

• New thermodynamic and chemical reaction
data are needed to simulate advanced 
chemical and biochemical processes. 

• New sensor technologies for in-line, real-
time, and continuous monitoring of process
variables in chemically aggressive environ-
ments are needed to overcome technical bar-
riers to manufacturing process innovation.

• New measurement technologies with chemi-
cal specificity at the nanoscale, surpassing
the limits of detection and sensitivity of 
current techniques, are needed to overcome
measurement problems that pose barriers to
technological innovation in nanotechnology.

Other Observations 

• Regulation will drive new measurement
requirements that industry must meet in 
the future. Recent EU regulations on 
hazardous substances in electrotechnical
products and on in-vitro diagnostic devices
show how regulation drives the need for new
measurement standards for the entire supply
chain that affects these ubiquitous products. 
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Defense and Homeland Security
The United States spends
roughly $100 billion per
year on homeland securi-
ty in addition to that
spent on defense. This
includes the services of

federal, state, and local law enforcement and
emergency services. Nearly three million state
and local first responders regularly put their
lives on the line to save others and make the
nation safer. For the private sector, business 
continuity is a critical concern—85 percent of
the U.S. physical infrastructure is privately
owned. Before September 11, 2001, businesses
spent $55 billion annually on security. Since
then, business expenditures to fight terrorism
have increased dramatically. 

Defense and Homeland Security technologies
are categorized into two distinct areas: detection
and screening, and improvements to safety and
effectiveness of first responders. Additional
detail on this topic can be found in the Disaster-
First Responder section of Appendix G.

Technological Innovations at Stake

Technological innovations in Defense and
Homeland Security that would benefit from
solutions to the measurement problems cited in
this assessment include the following:

• advanced sensors for chemical and biologi-
cal agents, nuclear radiation, and explosives

• enhanced first responder clothing, locator
systems, and communications

• advanced user interfaces for homeland 
security and first responder technology

• improved visible and infrared video 
surveillance

• enhanced millimeter-wave, terahertz, and
hyper-spectral imaging systems

• wireless communication systems, chip-scale
atomic clocks, and chemical detection

Measurement Needs

The set of measurement needs that serves as the
sample for this sector/technology area consisted
of 35 MNs and 31 RMNs, the latter from 6
roadmaps. 

Findings
• There is a significant need for accurate and

standardized methods to evaluate system
performance for existing technologies under
field conditions. By enhancing evaluation
techniques and methods of testing for exist-
ing technologies, a number of Defense and
Homeland Security measurement needs can
be addressed.

• New measurement technologies must be
developed to support development and 
application of emerging technologies in the
Defense and Homeland Security sector/tech-
nology area. Measurement needs for emerg-
ing technologies are generally different than
those needed for existing technologies.

Other Observations

• It is in the interest of Defense and Homeland
Security sector/technology area developers to
bring together the various technology user
groups to help define commonality among
measurement needs.

• Small-market demands for a portion of the
Defense and Homeland Security technologies
cited within the measurement needs may be a
barrier to their development and deployment. 

• The first responder community is diverse
and fragmented, including firefighters, med-
ical personnel, and law enforcement person-
nel. Understanding the needs of technology
providers and users of first responder and
homeland security technologies will be 
challenging.
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Discrete-Parts Manufacturing 
The Discrete-Parts
Manufacturing sector, of
which the automotive
industry is a significant
part, involves the produc-
tion and assembly of

materials and components, ranging in size from
nanometers to hundreds of meters, into commer-
cially available consumer and industrial prod-
ucts. This sector/technology area is complex,
with thousands of entities organized into multi-
level supply chains. Manufacturing at large is a
$1.5 trillion industry, employing 14.2 million
people. The U.S. automotive manufacturing
industry is a $120 billion industry and is the
third-largest manufacturing industry behind food
manufacturing and computer and electronics. 

Technological Innovations at Stake

Technological innovations in Discrete-Parts
Manufacturing that would benefit from solu-
tions to the measurement problems cited in this
assessment include the following:

• realization of making the first part, and
every part thereafter, correctly

• manufacture of microscale and nanoscale
discrete parts

• seamless and inexpensive hardware and 
software interoperability

• advanced vehicle safety systems

• semiconductor production, following the
International Technology Roadmap for
Semiconductors projections

• manufacture of flexible electronics

• production of hydrogen fuel cells

Measurement Needs

The set of measurement needs that serves as the
sample for this sector/technology area consisted
of 62 MNs and 22 RMNs, the latter from 8
roadmaps.

Findings

• The solution to an important class of meas-
urement problems in manufacturing is devel-
opment of new measurement technology for
high-accuracy characterization of the 3D
geometry of manufactured products across a
spectrum of sector, technology, and applica-
tion areas.

• The absence of measurement technologies
for accurate in-line and real-time measure-
ment of physical attributes of manufactured
parts and assemblies, relevant to a spectrum
of applications, poses a barrier to technolog-
ical innovation.

Other Observations

• Physical measurements are of primary
importance in this sector/technology area 
for control of manufacturing processes and
for validation of computer simulations of
new products and processes and their per-
formance. Manufacturers need to better 
correlate the physically measured features
and properties with the original digital 
specification to validate virtual models,
develop standardized data sets for input 
into models (material data for example), 
and verify algorithms.



An Assessment of the United States Measurement System: Addressing Measurement Barriers to Accelerate Innovation 27

Electronics and IT Hardware

The Electronics and IT
Hardware sector/technol-
ogy area is broad and
enabling. In this assess-
ment, IT hardware
includes component-level

hardware, active and passive devices, systems,
and end-user products. According to the
International Electronics Manufacturing
Initiative (iNEMI), electronics products include
portable and consumer products, office and
business systems, telecommunications products,
medical devices, automotive products, and
defense/aerospace products. The world electron-
ics market is forecast to be worth $1.5 trillion by
the year 2007 and to continue to expand at a rate
faster than the world economy as a whole.
Additional information on the topic of computer
data storage technology can be found in
Appendix G.

Technological Innovations at Stake

Technological innovations in Electronics and IT
Hardware that would benefit from solutions to
the measurement problems cited in this assess-
ment include the following:

• IT and communications instrumentation

• fiber optics and optoelectronics

• superconducting electronics

• radio-frequency electronics

• computer data storage devices and systems

• smart sensors

• microelectromechanical systems (MEMs)
and nanoscale electronic devices

• quantum computing systems

Measurement Needs

The set of measurement needs that serves as 
the sample for this sector/technology area 
consisted of 92 MNs and 19 RMNs, the latter
from 7 roadmaps.

Findings 

• A systems-level “measurement gap” has
emerged, which impedes this sector/technol-
ogy area’s ability to innovate in the current
environment, characterized by distributed
companies collaborating to produce integrat-
ed systems.

• The measurement problems in the computer
data storage area are most frequently associ-
ated with the state-of-the-art of electro-
mechanical systems and requirements for
dimensional, magnetic, and optical charac-
terization with spatial resolutions at the
nanoscale.

Other Observations 

• The specialization and increased complexity
of the supply chain accentuates the need for
stable, widely available, standards-based
measurement and test technologies.

• The achievement of the miniaturization
toward which industries in the Electronics
and IT Hardware sector/technology area are
driving requires innovative nanoscale meas-
urement capability. 

• Regulatory requirements in foreign markets
generate measurement problems that pose
barriers to technological innovation for U.S.
manufacturers who export to those markets. 
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Energy, Power, and Environment  
The Energy, Power, and
Environment sector/tech-
nology area covers those
portions of the economy
involved with the genera-
tion and distribution of

energy and power, and environmental monitor-
ing and pollution control issues. The segments
included are renewable energy, electric power
generation, oil and gas extraction, advanced
energy utilization technologies, power distribu-
tion, and environmental monitoring. The review
of technology roadmaps and case-study meas-
urement needs for the Energy, Power, and
Environment sector/technology area revealed
specific measurement issues in diverse applica-
tions. Measurement needs relate to energy
sources, including photovoltaic, fuel cells,
bioenergy, wind, and fossil fuels from hard-to-
access deposits. Advanced energy utilization
technologies involve topics such as solid-state
lighting and advanced refrigeration techniques,
which currently use significant amounts of ener-
gy. Power distribution case-study topics range
from electric power transmission to storage and
metering of hydrogen. Environmental monitor-
ing case-study topics range from global satellite
monitoring systems to local sensors for assuring
regulatory compliance.

Technological Innovations at Stake

Technological innovations in Energy, Power, and
Environment that would benefit from solution of
the measurement problems cited in this assess-
ment include the following:

• hydrogen power

• improved methods for the distribution of
electricity including the development of
superconducting wires and tools for 
measuring power grid dynamics 

• visible light emitting diodes (LEDs) for 
general lighting 

• fusion energy through the use of tokamaks,
torus-shaped devices utilizing magnetic con-
finement of extremely hot plasma 

• photovoltaic/solar cell technologies

• new energy efficient refrigeration techniques 

• high-resolution remote sensing techniques
for weather forecasting, climate monitoring
and finding new sources of energy 

• advanced power cycles, the conversion of
mechanical energy derived from combustion
to electric power, for improved efficiency
with lower emissions

Measurement Needs

The set of measurement needs that serves as the
sample for this sector/technology area consisted
of 27 MNs and 49 RMNs, the latter from 14
technology roadmaps.

Findings

• Many measurement needs associated with
traditional fuel and power sources reflect
extensive regulatory requirements, while
emerging technology for alternative fuel and
power sources reflect the anticipation of
future regulation.

• In case-study measurement needs and
roadmap measurement needs related to the
hydrogen economy, measurement problems
occur at all stages of technological innovation.

Other Observations

• The greatest concentration of measurement
technology needs appear in the applied-
research stage of technological innovation.
Often, the measurement technology needed
requires measurement innovation.
Technology developers want reliable, accu-
rate, standardized measurements before the
prototype moves to the production stage. 
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Health Care Including Bioimaging
The United States spends
close to $2 trillion per
year on health care 
(20 percent of the U.S.
economy). Autoimmune
diseases (e.g., diabetes,

rheumatoid arthritis, and lupus) alone affect at
least 23 million people in the United States at a
cost of $400 billion per year. The Department of
Labor’s Bureau of Labor Statistics indicates that
health care is the fastest growing occupational
field in the United States and predicts 33 per-
cent growth by 2015. Technological innovations
that increase capabilities or reduce costs in
health care translate quickly to benefits and sav-
ings for the nation. For example, the Agency for
Health Care Policy and Research reports that
preventable costs total more than $20 billion per
year and the electronic integration of health care
information systems is projected to save $70 bil-
lion per year. Health Care Including Bioimaging
includes bio-informatics, clinical diagnostics,
and pharmaceuticals, with the major drivers for
technological innovation being improved quality
of life and lower cost of health services.
Additional information on the topic of bioimag-
ing technology can be found in Appendix G.

Technological Innovations at Stake

Technological innovations in Health Care
Including Bioimaging that would benefit from
solutions to the measurement problems cited in
this assessment include the following:

• advanced DNA analysis using lab-on-a-chip
technology

• sensor-based proteomics for early cancer
detection

• new imaging modalities in MRI (magnetic
resonance imaging)

• systems for lower-cost diagnosis and 
monitoring of bone health

• implanted devices for metered delivery 
of insulin

• self-assembly of soft nano-materials for bone
and tissue replacement

• real-time interactive video/audio telemedicine 

Measurement Needs

The set of measurement needs that serves as the
sample for this sector/technology area consisted of
77 MNs and 37 RMNs, the latter generated from
9 roadmaps.

Findings

• The same measurement problem, the combina-
tion of lack of accuracy and lack of fundamental
knowledge, impedes the use of new medical
technologies by both clinicians and medical
researchers. The potential solution, development
of standards and measurement technologies pro-
vided by the public sector, is also identified for
both clinicians and medical researchers.

• A solution to a principal measurement 
problem impeding technological innovation in
Health Care Including Bioimaging is to be
found through collaboration of industry part-
nerships with government laboratories and
agencies focused on development and use of
common standards of measurement.

• Solution of measurement problems impeding
technological innovation in Health Care
Including Bioimaging require a multi-discipli-
nary approach engaging specialists in, for
example, chemistry, physics, materials, and
computer science and engineering with those
in biology and medicine.

Other Observations

• Health Care Including Bioimaging needs meas-
urements and standards, such as performance
standards and predictive tools, computer mod-
eling techniques, biomarkers, and clinical trial
endpoints, that deal effectively with regulatory
requirements.

• Many technological innovations in Health
Care Including Bioimaging are measurement
innovations, such as new diagnostic instru-
mentation.
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Information Technology (IT) Software

IT Software is the engine
that powers a broad range
of IT products and sys-
tems supporting manufac-
turing, finance, health
care, telecommunications,

transportation, defense, and most other industrial
sectors. Increasingly, the U.S. and global
economies rely on IT Software products to func-
tion effectively. The IT Software sector/technolo-
gy area is both dynamic and diverse. In 2005,
the U.S. software market grew by 3.9 percent 
to a value of $75.6 billion and is projected to
grow at a compound annual rate of 5.8 percent
during 2005-2010 to a value of $100.4 billion.
Worldwide revenues for packaged software, not
including software development and services,
were projected at $205.7 billion in 2005 and
$219.8 billion in 2006. The United States is esti-
mated to hold approximately 50 percent of the
world market. With steadily growing demands
across most sectors for new software products to
meet business requirements, new technological
and measurement innovations will be needed to
ensure software product innovations continue. 

Technological Innovations at Stake

Technological innovations in IT Software that
would benefit from solutions to the measure-
ment problems cited in this assessment include
the following:

• automated control of complex manufactur-
ing processes

• computer-assisted diagnoses from medical
images and data

• intelligent robotic systems for manufactur-
ing, defense, and homeland security

• high-security analysis and transfer of 
financial and other private data

• next-generation Internet and Web services

• reliable and integrated communications
among health care systems

Measurement Needs

The set of measurement needs that serves as the
sample for this sector/technology area consisted
of 33 MNs and 50 RMNs, the latter from 16
industry roadmaps.

Findings

• Performance measurement—in particular
measurement of software and system per-
formance, including interoperability—is 
critical to overcoming the measurement
problems that pose technical barriers to 
technological innovation in the IT Software
sector/technology area.

Other Observations

• For the IT Software sector/technology area,
the need to improve both security and cyber-
security, themes identified as cross-cutting
in the Technology Roadmap Review, pres-
ents significant technical barriers requiring
measurement innovation. This becomes par-
ticularly prominent at the production, mar-
keting, and end-use stages of technological
innovation in IT Software.

• Issues with accuracy, data, acceptability/
compatibility, and reliability, along with a
lack of standards and a lack of fundamental
knowledge, are measurement problems that
are barriers to technological innovation, par-
ticularly during the applied research stage of
technological innovation.
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Materials
The Materials
sector/technology area
includes polymers, 
metals, ceramics, bioma-
terials, nanomaterials,
building materials, and

composites. Measurement needs span a broad
spectrum of applications and issues, including
primary chemical, physical, and mechanical
measurands; manufacturing and processing; 
and application-specific function (e.g. catalysts,
electronics, and building infrastructure). The
measurement needs affect much of the economy
and technological innovations that have a broad
reach, such as those of nanotechnology and
manufacturing. Highly capable, accurate, sensi-
tive, low-cost, reliable measurement methods
and instrumentation are required to realize the
promise of manipulation, imaging, measuring,
and modeling strategies upon which construc-
tion of complex materials and structures will 
be achieved.

Technological Innovations at Stake

Technological innovations in Materials that
would benefit from solutions to the measure-
ment problems cited in this assessment include
the following:

• nanocomposite materials with increased
thermal stability and reduced flammability 

• high-accuracy dies for the production of
sheet metal-formed automotive body parts

• better superconducting magnets for 
magnetic resonance imaging (MRI)

• new classes of body armor using advanced
fibers

• advanced scanning probe microscopy (SPM)
techniques for nanoscale mapping of chemi-
cal, mechanical, thermal, and electro-optical
properties

Measurement Needs

The set of measurement needs that serves as the
sample for this sector/technology area consisted
of 40 MNs and 68 RMNs, the latter from 17
roadmaps.

Findings

• A principal measurement problem in the
Materials sector/technology area is the
absence of measurement instruments and
methods capable of accurately characterizing
the behavior of complex materials systems
and structures.

• In the Materials sector/technology area, a
key factor driving the need for measurement
innovation is the anticipated need to evaluate
the performance and reliability of new 
materials successively at the production and
market stages of their development.

• The timely delivery of measurement solu-
tions in the Materials sector/technology 
area is increasingly challenged by the grow-
ing complexity of materials systems and
structures and their interfaces.

Other Observations

• Significant measurement problems impeding
materials technological innovations exist in
the areas of accuracy, data and data collec-
tion and/or retrieval, lack of fundamental
knowledge, and resolution.

• Mature Materials production industries face
common measurement problems that impede
innovations related to processes needed to
improve production efficiency, in terms 
of cost, time, and energy.
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Nanotechnology

Nanotechnology is the
understanding and control
of matter at dimensions
of roughly 1 to 100
nanometers, where
unique phenomena enable

novel applications. At nanoscale dimensions, the
physical, chemical, and biological properties of
materials differ in fundamental and valuable
ways from the properties of individual atoms
and molecules or bulk matter. The National
Science Foundation, in its 2001 publication,
Societal Implications of Nanoscience and
Nanotechnology, predicts that the worldwide
market of nanotechnology-related products will
be more than $2.5 trillion annually in 10 to 15
years. Highly capable, low-cost, and reliable
measurement methods and instrumentation are
required to realize the promise of manipulation,
imaging, measuring, and modeling strategies
upon which construction of complex nanoscale
devices and machines will be achieved.
Additional information on the topic of 
nanotechnology can be found in Appendix G.

Technological Innovations at Stake

Technological innovations in Nanotechnology
that would benefit from solution of the measure-
ment problems cited in this assessment include
the following:

• vastly increased digital data storage 
capacities

• smaller, faster, more power-efficient 
electronic devices

• advanced drug delivery systems

• high-capacity fuel cells

• new families of high performance 
catalysts, sensors, and actuators

Measurement Needs

The set of measurement needs that serves as 
the sample for this sector/technology area 
consisted of 36 MNs and 49 RMNs, the latter
from 10 roadmaps.

Findings

• Nanotechnology is unique among the
sector/technology areas in its high demand
for new advanced measurement instrumenta-
tion, which is needed to achieve accurate,
high-resolution characterization of physical,
chemical, and biological properties of mate-
rials at nanometer dimensions.

• Industry is limited not only in its ability to
measure key parameters but also in its abili-
ty to identify which key parameters must be
measured to meet anticipated regulations.

• The absence of measurement tools with the
capability to measure properties of nanoma-
terials and nanodevices as they relate to
functional performance and to make such
measurements at speed are impediments to
realization of nanotechnology products.

Other Observations

• Public-sector measurement providers that 
are linked to applied research sectors, pro-
duction communities, market drivers, and
user issues can help accelerate the innova-
tion process.

• Innovative approaches to the measurement
of nanoscale physical and chemical proper-
ties are key to technological innovation for
Nanotechnology, especially where the 
fundamental limits of current measurement
techniques are being approached.
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Semiconductor Electronics
The Semiconductor
Electronics industry great-
ly affects global economic
growth. Just as its strength
provides a leading indica-
tor of the world’s econom-

ic health, advanced semiconductor systems con-
tribute substantially to new business opportunities
and growth around the world. The scope of this
analysis includes semiconductor memories,
microprocessors, signal processors, radio-
frequency and analog/mixed signal circuits, logic
devices, and emerging research devices and mate-
rials. The Semiconductor Industry Association’s
(SIA) annual forecast of global semiconductor
sales projects a compound annual growth rate of
nearly 10 percent for the forecast period of 2005
through 2008 and worldwide sales of microchips
from $227 billion in 2005 to $309 billion in 2008.
The rapid introduction of new materials, process-
es, and three-dimensional (3D) structures places
great demands on measurement science. The 
time between when new measurement techniques
become available for manufacturing and when
high-volume production using them begins has
decreased substantially. 

Technological Innovations at Stake

Technological innovations in Semiconductor
Electronics that would benefit from solutions to
the measurement problems cited in this assess-
ment include the following:

• logic devices

• microprocessors

• computer data memories

• signal processors

• radio-frequency and analog/mixed signal 
circuits

• new types of semiconductor materials,
devices, and systems emerging from
research

Measurement Needs

The set of measurement needs that serves as 
the sample for this sector/technology area 
consisted of 52 MNs and 34 RMNs, the latter
from 1 roadmap.

Findings

• In Semiconductor Electronics manufacturing,
problems posed by the slowness of physical
measurement can be overcome by greater
use of computer simulations.

• New measurement instrumentation devel-
oped from pre-competitive R&D is needed
to address the principal measurement prob-
lems that pose barriers to technological
innovation identified in the Semiconductor
Electronics sector/technology area.

Other Observations 

• U.S. Semiconductor Electronics companies
are becoming increasingly dependent on for-
eign providers of measurement solutions, but
they must be involved in the creation of
those solutions to remain at the cutting edge
of technological innovation.

• High-accuracy 3D measurements in combi-
nation with simulation, visualization, and
extraction of information from massive data
sets will be a basis for accurate prediction of
yield in high-volume manufacturing of next-
generation products.
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Measurement Barriers to 
Technological Innovation
This assessment of the USMS is based on an
analysis of unresolved measurement problems
that impede technological innovation. The first
part of this chapter addressed those measure-
ment problems as data. The second part of this
chapter presented findings for individual
sector/technology areas from an analysis of the
data for the individual areas. This part of the
chapter presents findings from an analysis of
data for all sector/technology areas taken togeth-
er and observations about measurement barriers
that cut across areas.

Findings 

Fundamentally new measurement technologies are required
to overcome the limitations of accuracy, which are the most
prevalent type of measurement barrier to technological
innovation across all sector/technology areas.

Inadequate accuracy is the most frequently 
cited measurement problem impeding innova-
tion within the individual sector/technology
areas and in the set of all the measurement
needs taken together. It is often cited in combi-
nation with inadequate resolution and in many
cases with a lack of fundamental knowledge as
related factors. Accuracy, resolution, and lack of
fundamental knowledge as measurement barri-
ers reflect two trends: some measurement tech-
nologies are reaching the limits of their capabili-
ties, and/or technological advances and societal
change are precipitating demand for entirely
new measurement technologies. Accuracy and
resolution are notably important barriers in eco-
nomic sectors where technological advance is
occurring most rapidly: health care, electronics
(both semiconductor and non-semiconductor),
information technology, telecommunications,
nanotechnology, and materials.

While solutions to the issues of accuracy, resolu-
tion, and other barriers are often sector-specific,
there are commonalities in measurement science
that will be required to support individual solu-
tions. More accurate measurement of chemical

and biological species, for example, is important
to the chemical industry as well as to the 
environment, health care, agriculture and food,
nanotechnology, materials, and homeland 
security sector/technology areas. The develop-
ment of entirely new measurement technologies
and research to increase the fundamental knowl-
edge base will be required in some cases to
overcome some of the limitations of current
methods. There is clear indication within the
case-study measurement needs, verified by
authenticators, that research is needed to develop
new fundamental knowledge to address the
measurement accuracy barrier, and that the pub-
lic sector has a direct role in development of
solutions to specific accuracy-related measure-
ment problems.

The absence of accurate sensors for real-time monitoring
and control of manufacturing processes and environmental
conditions poses a significant barrier to innovation that
spans multiple sector/technology areas.

The inability to make real-time, non-intrusive/
non-destructive measurements of production and
process variables is a measurement barrier in a
number of economic sector/technology areas
(chemicals, energy and power, basic materials
such as steel, aluminum, glass, automotive,
metal working). Real-time measurements are
needed to inspect equipment integrity and 
monitor and control production for efficiency
and product quality, among other factors. The
capabilities of currently available sensing tech-
nology are a limiting factor in some cases. For
example, measurements need to be made in
harsh operating environments (high temperature,
pressure, and corrosives), which requires rugged
sensing and detection technology that is not
readily available today. There are some common
measurement barriers in production environ-
ments that could potentially be addressed
through the collaborative efforts of multiple
industries and organizations. In other cases, 
the solutions are very application specific, and
small-market/low-volume demand may inhibit
development by the private sector.
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The absence of adequate sensors and detectors 
in applications related to environment, human
health and safety, industrial productivity, and
quality of life poses a significant measurement
barrier to technological innovation for the United
States. Inadequate sensing and detection capabil-
ity was noted in every economic sector/technolo-
gy area as a measurement barrier. The require-
ments for sensing and detection are diverse,
ranging from the need to control manufacturing
processes to the delivery of energy, detection of
threats, and monitoring of environmental
impacts. Despite this diversity, commonalities
exist among sensing requirements. For example,
the need to sense, detect, and measure the ele-
mental constituents of gases is a requirement in
chemicals manufacture; energy generation; mon-
itoring building air quality; and detection of
chemical, radiological, and biological attack.
Entirely new science, materials, and technologies
may be required to address these diverse sensing
requirements. Unique applications of nanotech-
nology, biotechnology, and advanced electronics
may have the potential to overcome some of
these measurement barriers.

A lack of standards, benchmarks, metrics, and protocols for
assessing system-level performance of new technologies,
including the compatibility and interoperability of hardware
and software systems, is a substantial measurement barrier
in a number of sector/technology areas.

In Building and Construction, for example, per-
formance benchmarks, rather than prescriptive
design standards, are becoming critical as there
is a need to predict and compare how innovative
materials and components will perform in the
final constructed product. In Defense and
Homeland Security, Health Care Including 
Bioimaging, and other sector/technology 
areas that rely heavily on information systems,
standardization and benchmarks for software
and hardware system performance and interop-

erability are critical. Computing power has
advanced so rapidly over the last decade that
insufficient emphasis has been given to measur-
ing performance in practice. Software and 
hardware producers are now being challenged 
to demonstrate and predict the performance of 
systems that are critical to our economy and
infrastructure. Standardization of performance
measures will be essential for uniform accept-
ance across many sectors and end users. 

The fact that the need to measure system 
performance has been identified as a significant
technical barrier to innovation in the service-like
sectors of Building and Construction, Health
Care Including Bioimaging, Defense and
Homeland Security, and IT Software may be an
indicator that the problem of measurement of
system performance is a barrier to the use of
new systems technologies in the service sectors
of the U.S. economy overall (as well as in the
manufacturing-focused sectors examined in this
assessment).

Other Observations

• With the increasing importance of computa-
tional simulation tools to product design,
development, and manufacturing, a limited
availability of robust, validated measure-
ment-based models is a concern for nearly
every economic sector/technology area. 

• For measurement problems encountered in,
or anticipated for, the later stages of techno-
logical innovation (production, market, end
use), standardization plays a progressively
greater role in solutions to measurement
problems, as do industry consortia/partner-
ships as solution providers.

• A lack of measurement capability to demon-
strate compliance with changing regulatory
requirements calls for continuous develop-
ment of new measurement technology.
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This chapter considers the USMS from a broad
perspective. It reports conclusions on the struc-
ture and function of the USMS, challenges to
the system’s capacity to overcome measurement
barriers to technological innovation, and
responses needed to meet these challenges so
that the nation can continue to be an innovation
leader. Collectively, these conclusions represent
the assessment of the USMS, as viewed from
the vantage point of technological innovation.

The judgments reported here are based on the
findings from the inferential analysis of meas-
urement needs discussed in the previous chapter.
The USMS-wide conclusions also draw upon
recently published reports and studies dealing
with science and technology, innovation, and the
nation’s performance in these two areas.

Distilled from the full set of 723 measurement
needs documented for this study, the conclusions
reported are high-level judgments that provide a
system-wide perspective of the USMS. While
high level and relatively general in nature, they
represent a first step toward understanding and
addressing system-level weaknesses that dimin-
ish the ability of the USMS to support innova-
tion in a rapidly changing technology environ-

ment and an increasingly competitive global
economy. These conclusions deal successively
with the following: 

• the overall structure of the USMS

• challenges to the system posed by the 
economic imperative for continuing 
technological innovation

• possible responses to those challenges

Structure and Function of the USMS 
The USMS must provide a measurement infrastructure 
for the nation to keep pace with the measurement 
needs of a growing, rapidly changing, technologically
sophisticated economy. 

The USMS today is a complex network of
diverse private- and public-sector entities that
together develop and supply the products, serv-
ices, and infrastructure used to carry out a vari-
ety of measurement-related tasks and responsi-
bilities in nearly every part of the U.S. economy.
As science progresses and technology advances,
the USMS will continue to grow in complexi-
ty—requiring that attention be paid to the indi-
vidual parts of the USMS, and to the network as
a whole. Like the processes, products, and serv-
ices it supports, the USMS will be challenged to

VI. Summary of the Assessment of the USMS
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function as a coherent system. To use an infor-
mation technology analogy, it must continue to
efficiently serve legacy needs, such as those
addressed by traditional weights and measures
functions specified in the U.S. Constitution.

For example, seven percent of the case-study
measurement needs analyzed in this assessment
identified traditional types of measurement serv-
ices—including measuring instrument calibra-
tions, third-party verifications, and measure-
ment-based product testing—as solutions to
measurement problems that pose barriers to
technological innovation.

The USMS also must respond effectively to
needs for entirely new types of measurements,
such as those generated by new applications of
existing technology (such as telemedicine) or 
by new or emerging technologies (such as 
nanotechnology, or tissue engineering for 
regenerative medicine). 

Novel, multidisciplinary approaches often will be required
to meet new types of measurement needs, significantly
extending the established USMS structure and paradigm.

Information technology continues to place new
demands on the USMS—demands that require
adding elements and capabilities that are outside
the scope of the basic measurement infrastruc-
ture common to most industrialized nations.
Software applications, now deeply embedded
within the economy and still growing in variety
and capability, necessitate measurements unlike
those supported by the SI.

The diversity and complexity of the USMS is
both a strength and a challenge to development
of coherent responses to the measurement barri-
ers impeding innovation in the United States.
For example, providers of measurement solu-
tions include the more than 450 U.S. private-
sector standards-developing organizations and
the thousands of U.S. businesses providing
measurement instruments, materials, compo-
nents, and analytical software. Foreign business-
es also are measurement-solution providers.

Many conventional providers of measurement
solutions will be called upon to address new
measurement needs. Lack of standards, for
example, was noted as an impediment to techno-
logical innovation in nearly every economic sec-
tor covered in the technology roadmaps. Among
the case-study measurement needs, 22 percent
identified new standards, reference materials,
and reference data as potential solutions. 

The USMS must evolve in concert with the international
measurement system to enable U.S. companies, including
technology innovators, to meet the growing number of
measurement-based standards that influence access to
and transactional efficiency in the global marketplace.

The Organization for Economic Cooperation 
and Development has estimated that 80 percent 
of world trade is influenced by standards 
or by regulations that embody standards.
Measurement-related requirements are essential
components of most of these standards and 
regulations. Examples include product testing 
and other conformity assessment requirements,
quality and compatibility standards, measure-
ment traceability requirements, and performance
specifications.

If USMS solution providers, products, and servic-
es are recognized internationally, U.S. exports will
encounter fewer technical barriers that can impede
access to international markets and add to the cost
of doing business. This recognition also translates
into greater efficiency in global supply chains and
into greater trust in customer-supplier transactions.

Since measurement-related requirements are
integral components of standards, leadership in
measurement capabilities often can be leveraged
for competitive advantage. Developing advanced
test and measurement methods and including
these in international standards can ease the
access of U.S. technology to global markets.
They also can simplify steps to demonstrate
compliance with standards and regulations. 
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International recognition of U.S. measurement
methods and tools can pave the way for exports of
U.S. measurement equipment and services.
Therefore, U.S. suppliers of measurement solu-
tions must stay abreast of measurement needs
worldwide, track advances and prospective
improvements in other nations’ measurement tech-
nology, and regularly assess and forecast what
measurement capabilities will be required to sup-
port the competitiveness of U.S. companies and
their technologies in the international marketplace.

Challenges to the USMS Posed by 
Technological Innovation
Measurement innovation (breakthroughs in measurement
capabilities) often will be a critical determinant of suc-
cessful technological innovation in nearly all sectors of
the economy. 

As indicated by technology roadmaps and case
studies reviewed for this assessment, nearly
every industry experiences measurement needs
directly tied to its innovation performance. In
terms of number and variety, these needs clearly
indicate that the USMS continues to have a
vitally important function in our economy.

The magnitude of the challenges to the USMS
posed by these needs varies with the types of
new technologies being pursued. Incremental
advances in existing technologies may require
only incremental advances in today’s measure-
ment-related products and services. So-called
breakthrough technologies—which range from
quantum computing to a hydrogen-powered
transportation system to systems of nanoscale
devices—will require entirely new types of
measurement capabilities. In other words, real-
ization of revolutionary technologies will typi-
cally necessitate corresponding levels of innova-
tion in measurement technology, beginning with
goal-driven fundamental research. As illustrated
by the International Technology Roadmap for
Semiconductors, lack of research and develop-
ment directly addressing key measurement prob-
lems with no foreseeable solutions from today’s

vantage point is flagged as a “show stopper”—
an unmet technical need significant enough to
prevent the attainment of next-generation tech-
nology goals.

The USMS must anticipate and deliver innovations required
to meet measurement needs of producers and users of
new technology in the manufacturing sector, as well as
users of new technology in the service sector. 

Measurement innovations that are breakthroughs
in measurement capability will be a critical
determinant of successful technological innova-
tion in nearly all sectors of the economy.8

Recognition of the need for measurement inno-
vation extends well beyond the semiconductor
industry. Of the 164 industry technology
roadmaps reviewed for this assessment, 82 per-
cent identified measurement problems that pose
barriers to technological innovation. For exam-
ple, development of performance standards and
benchmarks for systems and components affects
a diverse set of usage areas—from software to
smart control systems for buildings. 

The utility and value of solutions to these meas-
urement needs will not be confined to the busi-
nesses or industries that develop and market new
technologies. Users of the technologies also will
benefit significantly. Successful applications of
the new technologies may hinge on innovations
in measurement capability. For example, a vari-
ety of sectors are looking at radio frequency
identification (RFID) technology in a variety of
new uses, from wholesale and retail examples to
application in defense and homeland security.
Still-to-be-resolved measurement problems for
no-line-of-sight RFID technology include issues
related to standards for hardware and software,
interoperability within limits of frequency and
transmission power, and privacy/security.9

To achieve the promise of nanotechnology—an area that
may yield the most important technological innovations 
of the first quarter of the 21st century—major innovations
in measurement science and measurement technology 
are required.
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Nanotechnology—perhaps the most economic-
ally important area for technological innovation
in this and the coming decade—is confronted by
measurement barriers that require breakthrough
innovations in measurement capabilities. 

Successful technological innovation ultimately
hinges on the availability of advanced measure-
ment capabilities that are production ready.
Worldwide, the market for nanotechnology
products has been projected to exceed $2.5 tril-
lion within 10 years. Innovations from nanotech-
nology are being pursued around the globe.
Total government spending on nanotechnology
R&D was more than $4.6 billion in 2005,
including the U.S. investment of more than 
$1.7 billion. The global investment—private and
public—exceeded $9.1 billion.

Nanotechnology products derive new functionali-
ties and increased performance from phenomena
that are manifested only in matter of nanoscale
dimensions. These phenomena are the subject of
intense scientific research, where basic discover-
ies in nanoscience are being made, and in the
application of the nanoscience, where the foun-
dation for commercialization of nanotechnology
products is laid. The ability to apply nanoscience
and to develop nanotechnology products depends
on the ability to measure the behavior of matter
at the nanoscale and to characterize nanoscale
materials, structures, and devices.

Nanotechnology stands out in this assessment in
terms of the acuteness of need for new funda-
mental measurement science and technology to
overcome the measurement barriers to techno-
logical innovations based on advances in this
rapidly emerging area. There are major measure-
ment barriers that impede the ability to charac-
terize virtually every property and attribute of
nanomaterials, devices, and structures and the
ability to understand the link between properties
and functionality. The fundamental nature and
diversity of measurement problems that are
impeding nanotechnology call for entirely new
families of advanced measurement instrumenta-
tion. Compared with solutions identified for all 
sector/technology areas in this assessment, the

need for new measurement instruments was
cited twice as often for nanotechnology. Meeting
this need will require new measurement science
and new measurement technology. 

Successful technological innovation ultimately hinges on
the timely availability of production-ready, advanced
measurement capabilities. 

To a large extent, measurement and analytical
capabilities set the pace of technological
progress and dictate how rapidly the benefits of
that progress reach the marketplace, where they
can be enjoyed by society. New and better meas-
urement tools are needed to sustain advances
and discoveries in the laboratory. These tools
can help distinguish artifact from novel phenom-
enon, for example, and enable replication and
verification of research results across laborato-
ries. Without such tools, science will not acquire
detailed knowledge of the exotic properties and
the novel behavior of matter at the nanoscale,
which, in turn, is needed to advance the pursuit
of the principles and laws that govern molecule-
sized materials and structures. 

Ultimately, however, our nation’s ability to attain
the full promise of nanotechnology and other
anticipated revolutionary technologies will
require production-ready measurement tools. In
the industry technology roadmaps reviewed,
needs for production-level measurement capabil-
ities were cited widely as barriers to technologi-
cal innovation. Measurements that are technical-
ly feasible in the highly controlled environment
of a research laboratory often are not viable in
production environments without considerable
additional effort and resources.

To manufacture the multitude of nanotechnology
products that are envisioned, U.S. industry will
require measurement tools with new capabilities
and characteristics. These tools must span the
continuum from nanometers to micrometers 
to millimeters, be configurable in array formats,
achieve high throughputs, and provide real-time
information delivery. These new measurement
tools must not require highly specialized 
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environmental conditions for satisfactory opera-
tion. Further, they must meet these requirements
while being affordable and versatile.

When market drivers and potential economies of
scale exist and returns on research investment
can be captured, the private sector often steps in
to develop measurement systems for production-
level applications. In some cases, however,
measurement needs may go unaddressed
because returns on research and development
efforts cannot be captured by individual firms—
the so-called non-appropriability problem com-
mon to generic technologies. Such consequences
can result in less-than-optimal productivity,
lower product quality, and the inability to predict
performance and functionality—all of which can
translate into competitive disadvantages for the
nation. To bolster technological innovation and
foster U.S. leadership in global markets, public
and private investment in cutting-edge measure-
ment science, standards, and technology that the
private sector ultimately converts to production-
level measurement technology will be essential.

The inability to adequately measure system performance
(especially the performance of software and information
technology hardware) limits the effectiveness and applica-
tion of new technologies in important service industries.10 

Solving issues of system-performance measure-
ment in information technology applications is a
significant challenge for the USMS, given the
diversity and sensitivity of some applications
and the absence of foundational measurement
science for such metrics.

To an ever-increasing degree, the U.S. economy
relies on information technology in its many
manifestations and diverse applications. As the
speed and power of hardware increases and as
the functionality of software deepens and
expands, numerous forms of information (and
communication) technology are combined and
configured into networked systems of tremen-
dous complexity—often on an ad hoc basis.

This assessment has identified the inability to
reliably measure the performance of complex
systems to be a significant barrier to technologi-

cal and organizational innovation in manufactur-
ing and service industries that rely heavily on
information technology.

More than 70 percent of case-study measurement
needs identified in the IT software sector pertain to
issues regarding the measurement of software and
hardware performance and reliability. Reviews of
industry technology roadmaps also indicate that
system performance measures are high-priority
needs in IT software and represent important issues
for user industries and groups, such as building
and construction, health care, emergency first
responders, homeland security, defense, finance,
and retail. These and other sectors rely on the
exchange of volumes of information.

Virtually every business in the United States
now depends on software for development, pro-
duction, distribution, and after-sales support of
products and services. Innovations in such fields
as robotics, nanotechnology, and biotechnology
and genetic research have been enabled, in large
part, by low-cost computational and control
capabilities accomplished through software
applications. However, annual costs due to soft-
ware errors and failures, which could be reduced
with an adequate testing and measurement infra-
structure, run into the tens of billions of dollars. 

New measurement capabilities are required to support
emerging technologies for sensing and controlling a wide
array of properties and parameters in applications critical
to industrial competitiveness as well as to national securi-
ty and human health and safety. 

Technology roadmaps and published reports indi-
cate that the need for new, more powerful sensor
technology is pervasive throughout the economy.
The USMS has historically been a leader in the
development of sensors—a measurement tech-
nology in its own right—and supporting meas-
urement tools and services. Today, technology is
advancing to meet more demanding sensing
requirements in a variety of areas, including 
biometrics, micro- and nano-electromechanical
systems, and smart, wireless communications
networks. However, in some cases, today’s tech-
nologies are operating at or close to their limits
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or their requirements are exceeding current capa-
bilities. Development of next-generation sensors
and sensor networks will require fundamentally
new approaches, including innovations in com-
plementary measurement technology.

Because sensors are pervasive to the economy,
breakthroughs in sensing technology could have
huge economic impacts. For example, wide-area
measurement systems are needed to effectively
control the next-generation electricity transmis-
sion grid. These systems also will be important
for future remote monitoring of global carbon
emissions and climate change. For homeland
security, entirely new sensing technologies are
needed to detect biological, radiological, and
chemical agents, and to more accurately monitor
the safety of the food and water supplies. 

Given the pervasiveness and diversity of antici-
pated sensor applications, the USMS is chal-
lenged to provide measurement tools necessary
to achieve the more exacting detection and con-
trol requirements envisioned.11

Technological innovation has in some cases been stalled
due to the lack of measurement technology to assure and
verify compliance or to resolve questions regarding 
potential risks and hazards that emerging technologies
may pose.

Accurate, reliable measurements are essential for
assuring compliance with a wide range of regula-
tions implemented to protect human health or the
environment, assure safety, or accomplish other
societal goals. Sometimes demonstrating regula-
tory compliance can be difficult. Regulation was
found to drive measurement needs in 70 percent
of the industrial sectors in the review of technol-
ogy roadmaps. Product areas/industries that are
affected include food, drugs, power generation,
transport systems, telecommunications, and
buildings. In some industries, regulations prima-
rily impact not products, but the effluents or
wastes from industrial processing.

In all sectors, regulations were found to have an
impact on technological innovation, sometimes
by inhibiting the movement of products into the
marketplace and, in other cases, by impacting

how products are manufactured or constructed.
For example, in the health care sector, new med-
ical devices that have the potential to provide
dramatic improvement over conventional diag-
nostic tools may be slow to market because the
available measurement technology is insufficient
to demonstrate safe performance. 

In nanotechnology, lack of common measure-
ment tools, protocols, and standards for charac-
terizing emerging nanomaterials and conducting
analyses to identify any environmental or health
effects is prolonging uncertainties about the
safety of the novel materials. Until these issues
are resolved, the development and introduction
of potentially revolutionary nanotechnology
products will likely be delayed.

Responding to USMS Challenges
Pre-competitive, collaborative R&D is an effective vehicle
for addressing needs for new measurement technologies,
many of which will have broad utility.

Fundamental measurement problems pose major
obstacles to technological innovation. The tech-
nology roadmaps and case studies reviewed dur-
ing this assessment indicate that industry often
agrees on shared measurement needs. In contrast,
companies are reluctant to discuss measurement
needs specific to their products, operations, and
near-term technology goals because communi-
cating this information can expose their organiza-
tions to competitive risks. Not surprisingly, tech-
nology roadmaps identify common, or generic,
measurement needs that can be resolved primari-
ly through pre-competitive or public domain
activities. Analysis of the case-study measure-
ment needs leads to a similar finding.

Federal research organizations and other public-sector
organizations that are part of the USMS will be challenged
to prioritize needs within a growing inventory of measure-
ment-related obstacles to technological innovation.

Because the knowledge and early-stage solutions
generated  by pre-competitive R&D are nonpro-
prietary and widely disseminated, the public sec-
tor can play a significant role in responding to
these needs. For more than 60 percent of the
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case-study measurement needs, public-sector
organizations (academia and government agen-
cies and laboratories) were cited as having a key
role in efforts to resolve pre-competitive meas-
urement problems that impede technological
innovation. Obviously, budget constraints, orga-
nizational priorities, and other factors dictate
how measurement needs are prioritized and
addressed within public agencies and laborato-
ries.  This will require collaborative develop-
ment of criteria for prioritizing measurement
needs and R&D directions, consistent with other
federal research priorities.

USMS stakeholders, particularly supporters of fundamental
research, need to strengthen the two-way link between
advanced measurement capability and the scientific dis-
coveries that become the basis for future technologies.

Major advances in measurement science and,
ultimately, measurement capabilities, begin with
fundamental knowledge acquired through basic
research, while progress in measurement science
enables more productive research, facilitates
confirmation and exchange of results, and leads
to new rounds of discovery. 

Developers of new product technologies draw on
a rich pool of scientific knowledge, produced
both nationally and internationally. Advances in
metrology, or measurement science, also are
products of this pool. At the same time, progress
in measurement science leads to new under-
standing and new measurement capabilities,
including instrumentation, that researchers use
to broaden and deepen the knowledge pool.12 As
one writer characterized the relationship, metrol-
ogy is the “subdivision of science that underlies
and assists all others.”13

Solutions to one in four of the measurement
problems identified in technology roadmaps
require fundamental advances in knowledge,
acquired through basic scientific research. The
range of inquiry reaches from quantum physics

to the kinetics of chemical reactions and the
dynamics of interactions between proteins and
cell membranes. The results of fundamental
investigations may be the seeds of future techno-
logical innovations that become the “next big
thing” in economic sectors as diverse as energy,
aerospace, and health care, and include funda-
mental physics in microgravity environments to
allow study in space. These examples only begin
to touch on the science needed to bridge the gap
between critical measurement needs and effec-
tive solutions that enable new rounds of discov-
ery. These measurement solutions become
embedded facilities, instruments, and equipment
needed for leading-edge research and technolog-
ical development.14

The measurement barriers to technological innovation
identified in this assessment of the USMS suggest that
concerted and coordinated effort by the private and public
sectors will be necessary to achieve timely resolution.

The industry measurement problems document-
ed in this assessment represent shared technical
challenges that industry is willing to identify
publicly. For most of these measurement needs,
industry has identified public-sector institutions
as potential solution providers. Because of the
complexity, pervasiveness, and systems nature
of many of the measurement barriers, no organi-
zation can afford to undertake them alone, espe-
cially since returns on measurement solutions
often are not easily captured by the innovators.
In fact, the characterization and analysis of
industry-identified measurement needs conduct-
ed as part of this assessment suggest that even
sizable industries are unwilling or unable to
tackle those measurement barriers on their own.

In addition, the data suggest that involvement of
industry consortia and private-public partner-
ships can be a key strategy for attacking meas-
urement barriers to innovation that occur at the
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very early, pre-competitive stages of technologi-
cal innovation. In some cases, the public sec-
tor—NIST, as the nation’s measurement insti-
tute, as well as government agencies and 
laboratories and academia—may play a lead
role. Since U.S. industry operates in a global
economy, U.S. organizations also might cooper-
ate with foreign and international organizations
to develop generic solutions to widely recog-
nized measurement problems.

Conclusion 
This assessment concludes that the USMS, as
constituted today, is meeting the basic require-
ments of an effective national measurement 
system; that is, it provides the measurement
infrastructure—measuring instrument calibra-
tions, third-party verifications, and measure-
ment-based product testing—necessary to assure
uniformity of measurements supporting commer-
cial transactions vital to the U.S. economy.
However, demands on the system associated with
increasingly rapid technological change, coupled
with technology convergence, continue to grow
in number and complexity. These demands
necessitate the enhancement of elements and
capabilities that are outside the scope of the basic
measurement infrastructure that lies at the heart
of the USMS. And they challenge the USMS as
it is currently structured. The diverse and com-
plex USMS has many strengths, but also faces
formidable challenges with respect to enabling
and promoting technological innovation.

The measurement-needs data, findings, and 
conclusions of this assessment are substantial 
evidence of the considerable extent to which
measurements, measurement science, and 
measurement technology impact technological
innovation. This is clear even though the USMS

assessment covers only certain sectors, technolo-
gies, and disciplines. Unresolved measurement
problems pose substantial barriers to innovation. 

This assessment clearly shows that measurement
barriers impede technological innovation in
many of the manufacturing sectors of the econo-
my, including chemicals, electronics, materials,
and discrete-parts manufacturing. It also shows
that such barriers impede innovation in a num-
ber of service sectors, including building and
construction, health care, and homeland security.
The results suggest that measurement barriers
impede innovation across virtually all sectors of
the economy.

The challenges identified in this assessment
indicate the need for the principal institutions 
of the USMS to enhance cooperation in address-
ing critical measurement needs to accelerate 
technological innovation.

The great extent to which measurement prob-
lems can impede innovation across sectors and
technologies and the priorities placed on meas-
urement needs by industry provoke cautionary
thoughts for the future. The United States as a
nation and the USMS as an element of the
nation’s innovation infrastructure must act now
to overcome measurement barriers of the type
identified by this assessment. Otherwise, the
nation will be challenged to maintain its position
as a global leader.
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NIST, in its unique role as the nation’s national
measurement institute, has committed to partici-
pate in each of the seven recommended actions.

Promote awareness of the critical measurement needs
identified in this assessment throughout the measurement
research community.

The measurement research community is a key
contributor to measurement solutions at every
stage of technological innovation. However, the
contributions of measurement research, embed-
ded in the nation’s technological infrastructure,
are often invisible to decision makers in industry
and government. NIST will widely distribute
this assessment to the measurement research
community in both the private and public 
sectors, communicate the importance of the
findings and conclusions, and encourage 
decision makers to address these critical needs.
Potential partners in building mutual awareness
of industry measurement needs and measure-
ment research community capabilities include
industry consortia, producers of industry 
technology roadmaps, trade and professional
organizations, performers of scientific research,
and the National Science Foundation and other
sponsors of research. 

Unresolved measurement barriers impede tech-
nological innovation, the primary driver of the
nation’s economic and productivity growth and
the key source of competitive advantage in the
global economy. Overcoming these barriers is
essential if the United States is to continue to be
the global leader in developing and commercial-
izing new technologies.

To meet the changing requirements of our 
economy and to respond rapidly to technical
challenges, the USMS must become a more
agile and versatile system, capable of sustaining
technological innovation at a world-leading
pace. Improving the effectiveness of the USMS
requires both immediate action and a strategic,
long-term approach. 

This assessment has identified seven actions to
be taken as next steps to enhance USMS capa-
bilities and to accelerate technological innova-
tion. These steps are recommended for consider-
ation and action by all USMS stakeholders, act-
ing individually and in collaboration.

VII.  Next Steps
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Identify strategies to bolster the effectiveness of USMS
solution providers and accelerate development and deliv-
ery of measurement technologies that respond to meas-
urement problems impeding innovation.

USMS measurement solution providers are
widely dispersed in both the private and public
sectors. This fact complicates efforts to commu-
nicate needs and opportunities, which can slow
the development and commercialization of new
measurement technologies. There currently
exists no formalized measurement technology
industrial sector, and most current technology
roadmapping efforts do not explicitly address
measurement needs at a detailed level. 

NIST will reach out to groups of measurement
solution providers and technology innovators to
create a dialogue about how to improve the effi-
ciency and effectiveness of the USMS in sup-
porting technological innovation. This effort will
embrace both the private and public sectors,
with the goal of proposing mechanisms for
improving the USMS that can be sustained over
time. These mechanisms could include collabo-
ration tools, such as communication networks
and new information resources.

Foster collaboration to accelerate measurement 
breakthroughs. 

Today’s science and technology challenges
require ever more accurate and reliable measure-
ment tools and associated services. As a result,
developing effective partnerships across disci-
plines and organizations is becoming increasing-
ly important. Many case studies in this assess-
ment identified industry consortia/partnerships
and interagency government partnerships as
essential to overcoming measurement barriers.
Collaborative arrangements can foster innovative
results. However, effective collaboration may
demand new mechanisms. NIST will explore
methods to promote USMS collaborations that
address specific industry and national goals.
Given the breadth and diversity of measurement
needs, a variety of collaborative approaches 

will be considered, including government inter-
agency groups, industry-government consortia,
industry-wide alliances, international forums,
and Internet-based vehicles for information
exchange. 

Encourage industrial sectors to identify and prioritize
measurement needs.

Measurement needs identified in the roadmaps
and case studies reviewed, as well as any meas-
urement needs identified subsequently, should
be prioritized by the industrial sectors they
affect. Criteria to guide and facilitate setting pri-
orities should be established. Measurement solu-
tion providers and other experts (as appropriate)
should participate in the prioritization process to
ensure that industry’s requirements are accurate-
ly understood and that the time frames for
expected results from measurement R&D are
realistic. Priorities and time frames should be
updated regularly and communicated to solution
providers and prospective users. For the longer
term, more active involvement of the measure-
ment community with technological innovators
in general and roadmap developers in particular
will help ensure that needs are promptly
addressed.

Facilitate pursuit of solutions to the specific industry
measurement problems documented in this assessment.

The measurement needs that form the basis of
this assessment of the USMS are real, unre-
solved measurement problems for which indus-
try is seeking solutions. The case-study meas-
urement needs have been documented specifi-
cally for this assessment and describe in detail
the measurement problems and potential solu-
tions. The roadmap measurement needs have
been abstracted from industry technology
roadmaps where, in general, they are described
in broad terms. NIST will facilitate pursuit of
solutions to the measurement needs accordingly. 
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For roadmap measurement needs, NIST will
communicate its report to technology roadmap
developers to begin a dialogue in pursuit of solu-
tions. For case-study measurement needs, NIST
will communicate with potential solution
providers.

Identify shared measurement needs and opportunities for
synergy across industries and research areas. 

The USMS has a diverse range of solution
providers that serve an even broader diversity of
customers. Once individual industrial sectors
determine priority measurement requirements,
cross-sector action plans should be developed,
where appropriate. Some priorities will be
addressed by short-term R&D (one to three
years), while others will require fundamental
research over a longer period. Many short-term
measurement needs, once communicated clearly,
likely will be addressed by private-sector efforts.
Fundamental measurement research and pre-
competitive R&D needed to address longer-term
needs may require government funding and
coordination.

Cross-sector action plans can become an
informative part of the USMS infrastructure and
help guide planning activities in both the private
and public sectors. As a result, stakeholders and
researchers can pursue measurement solutions
collaboratively, leveraging R&D resources. 

Foster strategic public-sector investments in measure-
ment R&D to accelerate technological innovation.

Leading-edge technology development continu-
ally demands new and better measurement capa-
bilities. Measurement needs documented as case
studies in this assessment identify roles for both
the public and private sectors as providers of
measurement solutions to the measurement 
barriers confronted. A potential public-sector
contribution to such solutions is strategic invest-
ment in both cutting-edge research that focuses
on discoveries in measurement science and in

the tools of science—facilities and instruments
that enable discovery and development—partic-
ularly unique, expensive, or large-scale tools
beyond the means of a single organization.
NIST’s unique roles in such solutions are con-
ducting fundamental measurement-related
research, developing tools to measure, evaluate,
and standardize, and partnering with industry 
to transfer these tools to the private sector. 
Given this infrastructural focus, NIST is posi-
tioned to foster the strategic public-sector 
investments outlined here. In turn, private-sector
investments enable the translation of fundamen-
tal discoveries into the production of useful 
and marketable measurement technologies,
processes, and techniques.

Given the diversity of government-funded
research, each funding agency will need to act
individually to identify and support measure-
ment R&D targeted to spur technological inno-
vation within their mission-related areas of
responsibility. These areas include defense,
homeland security, health, space, energy, and
environmental protection. However, this assess-
ment points to several areas where cross-agency
efforts to address broad measurement problems
would enhance effectiveness. 

Below, specific activities are suggested to sup-
port strategic use of public-sector investments in
measurement-related R&D to accelerate techno-
logical innovation.

• Keep end users and potential solution
providers informed of federal measurement
capabilities: 
Resources and capabilities of the USMS,
including those of—or funded by—the fed-
eral government, are extensive. NIST will
explore and promote approaches by which
federal agencies can inform the measure-
ment R&D community in general, and
potential solution providers in particular, of
specialized measurement-related instruments
and facilities accessible to outside users.
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Global leadership in 

science and technology

depends on our ability 

to develop innovative 

measurement technology.

• Incorporate insights from this assessment into
strategic and program plans:
NIST will make the results of this assess-
ment available to other government agencies
for consideration during their strategic and
program planning. The needs and findings
reported in this assessment may serve as a
resource to help agencies identify opportuni-
ties to address measurement priorities corre-
sponding to their mission-related interests.
For its part, NIST will incorporate the
results of this assessment into its strategic
and program plans. As part of this process,
NIST will evaluate approaches to accelerate
measurement innovation in economically
important areas. These might include new
criteria for project selection, realignment of
NIST-wide priorities, new partnerships, and
increased bilateral, regional, and internation-
al collaboration. A key element of NIST
plans will include working collaboratively
with SDOs to proactively identify measure-
ment-related priorities to support standards
development in nanotechnology and other
emerging technology areas. NIST also will
identify and evaluate new approaches to
enable performance-based standards, proto-
cols, benchmarks, and metrics.

• Establish an explicit agenda for measurement
innovation:
The core purpose of a measurement innova-
tion agenda would be to identify opportuni-
ties for synergy in federally supported R&D
to eliminate measurement barriers to techno-
logical innovations. Input from the private
sector on this matter will be sought. One
possible vehicle for developing such an
agenda would be a new interagency task

force on measurement science and technolo-
gy. This task force would be charged with
establishing a cohesive, proactive process for
identifying national measurement-related
priorities as well as opportunities for
improving USMS capabilities in support of
innovation.

Conclusion
This assessment underscores the importance of
measurement advances to U.S. competitiveness
in global markets. Many of the measurement
solutions identified for the individual sector/
technology areas, as well as solutions that apply
across several sector/technology areas, possess
the potential to benefit many sectors of the
economy, including sectors beyond those 
examined in this assessment. 

The focus of this assessment on technology as
represented by physical devices, materials, or
systems, results in an emphasis on manufactur-
ing sectors rather than on service sectors.
Reviews of measurement needs in three areas—
Building and Construction, Health Care, and
First Responders—did, however, provide an
indication of needs in the service sectors.

Feedback on this assessment from stakeholders
in industry and government will be solicited and
used to improve and guide the next steps
described above. Ultimately, the success of the
USMS improvement effort will depend on the
participation of many different types of organi-
zations in the United States and abroad. Efforts
that are both concerted and collaborative will
enable the efficient and effective use of private
and public resources to resolve measurement
problems that limit technological innovation. 
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A 

ANSI: American National Standards Institute; a fed-
eration of SDOs, companies, trade associations, gov-
ernment agencies, and consumer groups.

APMP: Asia Pacific Metrology Program.

Authentication: The term used in this report to indi-
cate the process of validation of measurement needs
and findings by representatives of U.S. industry.

B

BIPM: International Bureau of Weights and
Measures.

C

Case-Study Measurement Needs: One-page, stand-
alone summaries of industry measurement needs.

CIPM: International Committee for Weights and
Measures.

Conclusions: Judgments about the capacity of the
USMS to address the identified measurement barri-
ers to technological innovation.

D

Declarative statements: The term used in this report
to indicate factual statements based on a sufficient
number of documented measurement needs and sup-
ported by sufficient fact and logic to qualify as
potential findings.

F

Findings: The term used in this report to indicate
factual statements about measurement problems that
pose technical barriers to technological innovation
that have been authenticated.

G

GPS: Global Positioning System.

I

ILAC: International Laboratory Accreditation
Cooperation.

Inferential analysis process: The term used in this
report for the process used to generate findings and
conclusions.

IEC: International Electrotechnical Commission, an
organization that develops standards on electrical,
electronic, and related technologies.

ISO: International Organization for Standardization,
a body that includes the national standards bodies of
149 countries and develops and adopts international
standards for nearly every industry sector.

ITU: International Telecommunications Union, an
organization that develops standards for information
and communications technologies.

M

Measurand: A physical quantity, property, or condi-
tion that is measured.

Measurement: The process of quantitatively com-
paring a variable characteristic, property, or attribute
of a substance, object, or system to some norm.

Measurement innovation: Technological 
innovation where the new technology is a measure-
ment technology.

Measurement result: Quantitative result of the
measurement process, achieved to a level of certainty
influenced by a combination of technical and human
elements that include measurement methods, instru-
ments, information, standards, and institutions.

Measurement system: The entire set of technical
and human elements involved in producing measure-
ments for an intended purpose.

Metrology: The science of measurement.

MRA: Mutual Recognition Arrangement.

N

NCWM: National Conference on Weights and
Measures, a private, nonprofit organization with rep-
resentatives from industry, states, and the federal gov-
ernment that develops standards, test procedures, and
model laws and regulations on weights and measures.
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NIST: National Institute of Standards and
Technology; an agency in the U.S. Department of
Commerce, responsible for maintaining U.S. national
standards of measurement.

NMI: National Measurement Institute.

NMS: National Measurement System.

O

OIML: International Organization of Legal
Metrology, which develops model international stan-
dards of measurements used for regulatory purposes,
such as commodity exchange and environmental
monitoring.

OSTP: Office of Science and Technology Policy, an
office within the Executive Office of the President of
the United States, with a broad mandate to advise the
President and others on the effects of science and
technology on domestic and international affairs.

Other observations: The term used in this report to
indicate a declarative statement from the inferential
analysis about a potentially significant measurement
issue that has been reviewed by industry representa-
tives but does not meet the standard of a finding.

P

Public sector: The part of the economy concerned
with providing basic government services.

Private sector: The part of the economy made 
up of private firms and companies, corporations, 
private banks, non-governmental organizations, and
individuals.

R

RFID: Radio frequency identification.

RMO: Regional Metrology Organization.

R&D: Research and development.

Roadmap Measurement Needs: Summaries of
industry measurement needs abstracted from 
published technology roadmaps.

S

Sector/Technology areas: A term used in this report
to represent an industrial sector and/or technology
area.

SDO: Standards-Developing Organization.

SI: International System of Units (abbreviated SI
from the French language name Système
International d’Unités), which is the modern form of
the metric system. It is the world’s most widely used
system of units, both in everyday commerce and in
science.

SIM: Inter-American Metrology System, an organi-
zation with the goal of promoting international and
regional cooperation in the Americas for scientific,
industrial, and legal metrology.

T

Technical barrier: A deficiency or absence of a tech-
nical capability that impedes technological innovation.

Technological innovation: Either a process or a
physical entity; as a process, it is that part of the
overall innovation process relating to the introduction
into the marketplace of new technology; as a physical
entity, it is the new technology itself.

Technology Developer’s Vision: The conceptual view
of what the new technology will functionally do, who
the user of the new technology will be, and what ben-
efit to the user that technology will yield.

Technology roadmap: Consensus document identi-
fying targets of opportunity and barriers to envi-
sioned technologies in a particular industry based on
the views of representatives from industry, academia,
and, often, government.

U

USMS: United States Measurement System, which
includes the methods, standards, instruments, and pri-
vate and public organizations involved in measure-
ments of products and processes or in other measure-
ment-related activities relevant to the functioning and
performance of the national economy.
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